As the most significant interannual variability in the climate system, El Niño-Southern Oscillation (ENSO) has critical effects on global weather and climate patterns. To simulate and predict ENSO, coupled general circulation models (CGCMs) have become a key tool. However, the accurate simulation of ENSO is still a challenge for CGCMs. The performance of El Niño simulations conducted through FIO-ESM v1.0 is examined based on the outputs of the Coupled Model Intercomparsion Project phase 5 (CMIP5) historical experiments. The results show that FIO-ESM v1.0 suffers from similar common problems to other CMIP5 models, including an eastward shift in the central locations of El Niño, adopting a regular period of roughly 3 years, addressing excessively high amplitude, spurious eastward propagation of El Niño events, and Aborted El Niño events. El Niño composite and mixed layer heat budget analyses indicate that these simulation biases are mainly associated with the mean state biases, including a warm Sea Surface Temperature (SST) bias for the central-eastern Pacific, a cold SST bias for the western and central Pacific, seasonal cycles of SST of the equatorial eastern Pacific, and weaker trade winds. Weaker SST-cloud-shortwave radiation feedback in La Niña events than in El Niño events is what creates spurious ENSO amplitude symmetry in the model. We suggest that the improvement of El Niño simulations may be realized by focusing on the mean state and SST-cloud-shortwave radiation feedback in the tropical region. Specifically, further incremental improvements in the mean state of the tropical Pacific should constitute the first step to realizing more accurate ENSO simulation.
Introduction
El Niño-Southern Oscillation (ENSO) is the strongest interannual variability and large-scale coupled atmosphere-ocean phenomenon that occurs in the climate system (Philander 1983 (Philander , 1990 Wang and Picaut 2004; Sarachik and Cane 2010) . It affects not only the sea surface temperature (SST), precipitation, and atmospheric circulation in the tropics but also the global weather and climate patterns (e.g., Rasmusson and Wallace 1983; Webster and Yang 1992; Glantz 2001; Alexander et al. 2002; McPhaden and Glantz 2006) , such as rainfall over continents, the frequency and intensity of typhoons/hurricanes, the intensity of Madden-Julian oscillation (MJO), the East Asian and global monsoons, the Indian ocean dipole (IOD), the Pacific decadal oscillation (PDO), and the North Atlantic oscillation (NAO), among others phenomena. Therefore, the accurate simulation and prediction of ENSO events is of great importance to weather and climate predictability across the globe.
Due to the complex physical interactions that occur among various atmospheric and oceanic processes, ENSO simulations and predictions are usually carried out by using coupled general circulation models (CGCMs). Significant progress has been achieved, in terms of representations the basic features of ENSO (Bellenger et al. 2014; Flato et al. 2013 ) since the pioneering work of Manabe and Bryan (1969) adopting a climate model. However, compared to models of the Coupled Model Intercomparison Project phase 3 (CMIP3), CMIP5 models' simulations of ENSO properties, including mean SST, amplitude, period, and phase locking, show no significant improvements (Flato et al. 2013; Bellenger et al. 2014) . As such, excessively regular and large amplitudes, and spurious phase locking complicate ENSO simulations using CGCMs, which limits our understanding and prediction ability of ENSO events.
FIO-ESM v1.0 was developed by the First Institute of Oceanography and was adopted in the CMIP5 (Qiao et al. 2013) . Previous studies showed that FIO-ESM v1.0 generates reasonable simulation results in terms of SST mean states for the tropical regions, eastern tropical Pacific SST seasonal cycles, the IOD, etc. (Qiao et al. 2013; Liu et al. 2014; Song et al. 2014 ) by incorporating the non-breaking surface wave vertical mixing (hereafter wave-induced mixing) into the model. In particularly, the model exhibits good performance in terms of ENSO diversity (Matveeva et al. 2018) , spatial distributions of SST peaks during El Niño events (Graham et al. 2017) , relationships between ENSO and the Northern Hemisphere polar region (Roy et al. 2019) , and ENSO predictions (Song et al. 2015) . However, it still suffers from similar ENSO simulation biases similar to those of other CMIP5 models (Bellenger et al. 2014; Taschetto et al. 2014; Yun et al. 2016) . Although there were a number of studies have been conducted on ENSO simulation capabilities using FIO-ESM v1.0, they focused on multi-model mean biases analyses (e.g., Bellenger et al. 2014; Murphy et al. 2015; Graham et al. 2017; Feng et al. 2019) or simulation results assessments for future projections (e.g., Wang et al. 2013; Taschetto et al. 2014; Yun et al. 2016; Xu et al. 2017) . A systematic analysis of ENSO simulation biases by FIO-ESM v1.0 has not been done. Therefore, in an effort to better understand the model biases and improve the simulation capabilities, we carefully analyze the simulation biases of ENSO as reflected in FIO-ESM v1.0 in reference to periods, amplitudes, and phase locking.
The remainder of this paper is organized as follows. In Sect. 2, we introduce the datasets and methodology used to analyze El Niño simulation biases. The El Niño simulation evaluation and the corresponding biases analysis are presented in Sect. 3. We provide a summary and discussion in Sect. 4.
Model, datasets and methodology

FIO-ESM v1.0
FIO-ESM v1.0 was the first earth system model coupled with an ocean surface wave model and employed to conduct the CMIP5 in 2012 (Qiao et al. 2013) . It is composed of a coupled physical climate model and a coupled carbon cycle model. In this work, only the results derived from the coupled physical climate model are analyzed. The coupled physical climate model includes Community Atmosphere Model version 3 (CAM3) (Collins et al. 2006) , Community Land Model version 3.5 (CLM3.5) (Oleson et al. 2008) , Los Alamos National Laboratory sea ice model version 4 (CICE4) (Hunke and Lipscomb 2008) , Parallel Ocean Program version 2.0 (POP2.0) (Smith et al. 2010) , and MASNUM surface wave model (Yang et al. 2005) . The horizontal resolutions of CAM3 (with 26 vertical layers) and CLM3.5 are T42 spectral truncation (approximately 2.875°), a nominal 1° is applied for POP2.0 (with 40 vertical layers) and CICE4, and 2° is used for the MASNUM surface wave model. Further information on FIO-ESM v1.0 can be found in Qiao et al. (2013) .
Datasets
The SST data were derived from the ERSST v4.0 at a resolution of 2° × 2° from 1956 to 2005 (Huang et al. 2015) . Ocean temperature data used in this study were obtained through EN4 reanalysis with a horizontal resolution of 1° × 1° from 1956 to 2005 (Good et al. 2013 . Ocean currents and heat flux were obtained from Global Ocean Data Assimilation System (GODAS) datasets at a horizontal resolution of 1° × 0.33° from 1980 to 2005 (Behringer and Xue 2004) . Wind stress was derived from the monthly mean NCEP/NCAR reanalysis dataset at a resolution of T62 from 1956 to 2005 (Kalnay et al. 1996) . For convenience, the observational and reanalysis data are all referred to as "observations" in this work.
Three CMIP5 experiments for the historical simulation (named r1i1p1, r2i1p1, and r3i1p1) of FIO-ESM v1.0 were conducted from January 1 for 701a, 651a, and 401a of the PiControl experiment, respectively. The 3 realizations only differ in terms of initial conditions, which have almost no effect on the ENSO results (Song et al. 2012a) . Therefore, the first realization of the FIO-ESM v1.0 historical experiment (r1i1p1) conducted from 1956 to 2005 is analyzed in this work. The horizontal resolution of ocean variables, including temperature, currents, wind stress, and heat flux, is at about approximately 1.1° in longitude and 0.3° in latitude.
The model simulation and observation data are monthly mean and interpolated to a 1° × 1° grid. For each field, an anomaly field was produced by subtracting the long-termaveraged seasonal cycle at each grid point. Table 1 provides a summary of the data used in this study.
Mixed-layer heat budget
The mixed-layer heat budget proposed by Huang et al. (2010) is used to analyze El Niño events in this study. The mixed-layer temperature equation is written as follows:
where T t is the mixed-layer temperature tendency ( T∕ t ); Q u represents the zonal advection contribution ( −u T∕ x );
(1)
Q v represents the meridional advection contribution ( −v T∕ y ); Q w represents the vertical entrainment contribution ( −w e T∕ z ); Q zz represents the vertical diffusion contribution ( Q diff ∕ c p h ); and Q q represents the net sur-
Horizontal diffusion is ignored in this study. And T is temperature; u and v are zonal and meridional velocity, respectively; w e is the entrainment velocity across the bottom of the mixed layer; Q diff is the diffusive heat flux at the bottom of the mixed layer; Q diff is net surface heat flux; and c p are the density and heat capacity of seawater, respectively; and h is the mixed layer depth.
Then, the equation for anomalous mixed-layer temperature becomes where the prime denotes the anomaly, and E ′ is the residual, including horizontal diffusion and the sum of values that cannot be calculated from monthly mean data. Further details on ways to calculate these terms can be found in Huang et al. (2010) .
Equation (2) can be rewritten as:
To identify the closure of the mixed-layer heat budget, the correlation coefficient and root mean square error (RMSE) between T ′ t and F are calculated using model outputs. Correlation coefficients of the Niño 3 (averaged over 90°-150°W, 5°S-5°N), Niño 3.4 (averaged over 170°-120°W, 5°S-5°N), and Niño 4 (averaged over 160°E-150°W, 5°S-5°N) regions are valued at 0.96, 0.89, and 0.84, respectively, while the RMSEs for these regions are 0.08, 0.11, and 0.10 °C/month, respectively. This indicates that the mixed-layer heat budget of Eq. (2) exhibits closure, which ensures that the following results are credible and robust. Furthermore, the values of
simulated Niño 3 index are larger than them of Niño 3.4 and Niño 4 indexes (figure not shown), which indicates that there is only traditional El Niño events (called EP El Niño) in the FIO-ESM v1.0. Therefore, the Niño 3 region is selected to represent El Niño events given its strong heat budget closure value. It should be noted that the mixed layer depth is defined as the depth at which the ocean temperature deviates by 0.5 °C from the SST and it is set as 50 m for the mixed layer heat budget to achieve more closure. Figure 1 shows the power spectra and time series of the Niño 3 SST anomaly (SSTA) during the period from 1956 to 2005 for both observation and FIO-ESM v1.0 data. In this work, the Niño 3 SSTA is the monthly anomaly relative to the climatology of 1956-2005, which echo the mixedlayer temperature anomaly (figure not shown). FIO-ESM v1.0 failed to capture the period of El Niño events. Diverging from the observations made over a broad spectral range ( Fig. 1a) , there is only one sharp peak of roughly three years from FIO-ESM v1.0 ( Fig. 1b ). Standard deviations of the Niño 3 index taken from the observations and FIO-ESM v1.0 from 1856 to 2005 are valued at 0.81 and 1.55, respectively, suggesting the ENSO events was simulated as too regular and too strong.
Simulation biases analysis
Simulated El Niño results vs. observations
Next, El Niño (red shading in Fig. 1c, d ) and La Niña events (blue shading in Fig. 1c, d) are identified based on a threshold of ± 0.5 °C for at least 5 consecutive overlapping 3-month periods of the Niño 3 SSTA. From 1956 to 2005, there were 16 El Niño events and 12 La Niña events according to the model simulation ( Fig. 1d ), while there were only 12 El Niño events and 10 La Niña events according to the observations (Fig. 1c ). When the El Niño occurs for two consecutive years, it is counted as one El Niño event, and the very weak El Niño events are not counted in this work.
The Niño 3 SSTA is shown in Fig. 2 for the 12 observed and 16 simulated El Niño events from 1956 to 2005. For individual El Niño events, 10 out of the 12 observed events had peak amplitude between 1.0 °C and 2.0 °C; two events (occurring in 1982/83 and 1997/98) show peaks reaching 3 °C ( Fig. 2a ). However, 14 of the 16 simulated events present peak amplitudes of greater than 1.5 °C, and more than half range from 2.0 to 3.0 °C (Fig. 2b ). In addition to the fact that the simulated events present excessively high amplitudes, the timing of the simulated peaks is also inconsistent with that of the observed. In general, the peak amplitude is phase-locked to the boreal winter (hereafter refer to as winter El Niño) from the observations ( Fig. 2a ). Only one El Niño event (occurring during 1987; Fig. 2a , cyan line) was phase-locked to September (McPhaden et al. 1990 ; hereafter referred to as Aborted El Niño) in observations. In contrast, three out of the 16 simulated El Niño events were Aborted El Niño events ( Fig. 2b , cyan line), representing a common problem encountered with CMIP5 models (Bellenger et al. 2014 ).
The El Niño composite, which aligns all the El Niño events according to their peak phases that are reset to be January of year 1 after the alignment, is a commonly used to analyzed the evolution process of El Niño events. It should be noted that the El Niño composite for Aborted events is the average for the same month to better illustrate the different processes between winter and Aborted El Niño events. The SSTA of the winter El Niño composite excluding the three Aborted El Niño events is shown in Fig. 3 . In the El Niño composite spatial distribution (Fig. 3) , the positive SSTA runs from the Peruvian coast to 180° in both the observations and FIO-ESM v1.0 ( Fig. 3a, shading ). This indicates that the structure of simulated El Niño events agrees well with that of the observations zonally, although the simulated maximum positive SSTA (110°W) is centered east of that observed (125°W) and is larger than that observed. However, the area covered by simulated El Niño event is too narrower than that observed (Fig. 3a, contour) meridionally. Moreover, as the simulated positive SSTA appeared in the centraleastern equatorial Pacific (near 150°W; Fig. 3b , shading), the El Niño event developed with eastward propagation, which is not consistent with the observations (Fig. 3b, contour ).
El Niño biases in the model
The analysis results of simulated El Niño events given in Sect. 3.1 illustrate that FIO-ESM v1.0 can capture basic features of El Niño events but suffers similar simulation problems as those of other CMIP5 models, such as an eastward shifting of the central locations of El Niño events, having regular periods of roughly 3 years, excessively high amplitudes, spurious eastward propagation, and Aborted El Niño events. In the following sections, we specifically analyze these simulated biases.
Eastward shifting of the central locations of El Niño events
The central location of an El Niño event is associated with the tropical SST mean state. From 50 years averaged SST, the simulated 28 °C isotherm of the equatorial Pacific SST extends to 170°W (Fig. 4b) , which is consistent with the distribution observed ( Fig. 4a ) at the equator. However, the simulated cold tongue is narrower and warmer than that ovserved. Especially in the central-eastern equatorial Pacific, there are more than 1 °C warm SST bias and weaker trade winds in FIO-ESM v1.0 ( Fig. 4c ) due to the waveinduced vertical mixing (Song et al. 2012b ), whereas other the CMIP5 models tend to present a cold bias. In addition, the positioning of Walker circulation shifts eastward. Therefore, the simulated anomalous westerly winds are stronger ( Fig. 5b ) than those observed ( Fig. 5a ) and tend to eastward when an El Niño event is in the onset phase. Meanwhile, through the Bjerknes positive feedback, the stronger westly winds increase the positive SSTA in the east equatorial Pacific (Fig. 5c, d ), which will also enhance the westerly winds and the eastward tendency of central locations of Walker circulation. Eventually, the central location of an El Niño event shifts eastward during the development stage (Fig. 5d ).
The tropical Pacific has begun to experience a new type of El Niño frequently occurring over during the last decade referred to as the central Pacific (CP) El Niño. Unfortunately, there is only EP El Niño events but no CP El Niño events in FIO-ESM v1.0 during 1956-2005. The simulation capacities of the coupled models for two types of El Niño are strongly affected by the model biases (e.g., Zheng et al. 2015; Fang et al. 2015) . For FIO-ESM v1.0, the lack of CP El Niño events is mainly attributable to the eastward shifting of the 
Regular periods of approximately 3 years
The ENSO period is controlled by two processes: zonal advective feedback and thermocline feedback. Zonal advective feedback ( u ′T x , subscripts x , y , and z denote partial derivatives) refers to the effect of zonal currents forced by anomalous zonal wind stress on the mean zonal temperature gradient, which leads to a 20-40-month period. Thermocline feedback ( wT ′ z ) refers to the effect of changes in the thermocline slope forced by anomalous basin-wide zonal wind stress on subsurface temperatures via mean upwelling, which leads to a 50-70-month period.
As discussed in Sect. 3.2.1, the warm SST bias in the central-eastern Pacific enhances the simulated anomalous westerly winds in the onset phase. This enhanced anomalous westerly wind strengths the anomalous zonal current, reinforcing the zonal advective feedback (Figs. 5e, f) while the warm SST bias reduces the zonal gradient. Meanwhile, the simulated mixed-layer depth anomaly (Fig. 5h) is lower than that observed (Fig. 5g ) due to a deeper climatological mixed-layer depth (Fig. 4d ) in FIO-ESM v1.0, which reduces the thermocline feedback. This indicates that zonal advective feedback, leading to high-frequency El Niño events plays a more important role in FIO-ESM v1.0. A further analysis of mixed-layer heat budgets presented in the following paragraph verifies this hypothesis. Figure 6 shows the mixed-layer heat budget of El Niño events and its decomposition. As vertical diffusion is much smaller than the other terms, it is not decomposed and not included in the figure. Normally, the thermocline feedback is stronger than the zonal advective feedback according to observations. However, although the simulated thermocline feedback ( wT ′ z ; Fig. 6d, red line) is stronger than the zonal advective feedback ( u ′T x ; Fig. 6b , blue line) in the El Niño onset phase (Jan(0) to Mar(0)) and in the first stage of the (0)) due to the shallow climatological mixed-layer depth related to the cold SST biases in the western and central Pacific, zonal advective feedback increases to almost the same level (0.2 °C/month) of thermocline feedback during latter development phase (Jul(0) to Oct(0)) due to enhanced anomalous zonal currents. During the mature phase (Nov(0) to Jan(1)), zonal advective feedback reaches 2.6 °C/month, exceeding levels of thermocline feedback. The results of mixed-layer heat budget results demonstrate that simulated zonal advective feedback dominates the development and mature phases while simulated thermocline feedback plays an important role in the El Niño onset phase. In other words, El Niño events reflect the combined modes of two feedbacks while zonal advective feedback is slightly stronger in FIO-ESM v1.0. Thus, the simulated ENSO period spans roughly 3 years, which is consistent with the conceptual model results (Jin 1997) but not with the observations.
Excessively large amplitudes and spurious eastward propagation
Three processes primarily contribute to the larger amplitude of El Niño events in FIO-ESM v1.0. The first relates The second reflects to warmer water transport, including stronger simulated zonal advective feedback transporting warmer water from the western Pacific (Fig. 6b, blue line) , and meridional transport (Fig. 6c ) from the south-eastern and north-eastern Pacific off the equator with a warm SST bias (Fig. 4c) . The third relates to the Ekman feedback ( w ′T z ; Fig. 6d, blue line) , which refers to the effect of anomalous wind-driven upwelling acting on the mean vertical temperature gradient. Upwelling in the eastern equatorial Pacific transports warmer water from the subsurface because the simulated climatological mixed-layer depth is deeper than that observed. Of these three processes, the Ekman feedback effect plays a minimal role. It should be noted that the effects of warmer water transport and Ekman feedback on the SSTA are also amplified by the Bjerknes positive feedback. Surface heat flux feedback, mainly through SSTcloud-shortwave radiation (Lloyd et al. 2012) and Wind-Evaporation-SST (Xie and Pahilander 1994) feedbacks reflects negative feedback, which always mitigate change in amplitude. In summary, the warmer mean state leads to stronger El Niño events.
As discussed in Sect. 3.2.2, the El Niño events reflect the combined modes of zonal advective feedback and thermocline feedback in FIO-ESM v1.0. Specifically, thermocline feedback is the dominant process in the El Niño onset phase (Jan(0) to Mar(0)) and in the first 3 months of the development phase (Apr(0) to Jun(0)) because of the shallow climatological mixed-layer depth related to a cold SST bias in the western and central equatorial Pacific. The time lag between thermocline feedback and zonal advective feedback is 6 months according to in FIO-ESM v1.0 data, which is longer than that observed from the observations. Therefore, the simulated El Niño events tend to show the eastward propagation driven by the thermocline feedback; and the eastward shift in the central locations of El Niño events also contributes to the eastward propagation.
Aborted El Niño events
The frequency of Aborted El Niño events from 1956 to 2005 is measured as 18.8% (three out of 16) in FIO-ESM v1.0, which is greater than that shown by the observations (8.3%, one out of 12). Clearly, the mature phase of an El Niño events tends to occur in the summer season in FIO-ESM, echoing that shown by other CMIP5 models (Bellenger et al. 2014) . The observed summer El Niño event observed in 1987 occurred in the second year of an El Niño event that persisted for two consecutive years from 1986 to 1988 (Fig. 1c) , and the rate of SSTA increase was almost the same as other El Niño events (0.1 °C/month) in the development phase ( Fig. 2a ; Apr(0) to Aug(0)). However, the SSTA of simulated Aborted El Niño events (Fig. 2b, cyan line) began from a neutral or La Niña conditions and then showed a rapid increase in values (average rate of close to 0.60 °C/month) to the strongest El Niño event relative to the simulated winter El Niño events (0.23 °C/month) and to observations of the development phase; this suggests that the mechanisms of Aborted El Niño events reflected in the model differ from those observed. And we also found that Aborted El Niño events are stronger than the winter El Niño events (Fig. 2b) , and the amplitudes of the winter El Niño events with peaks occurring in Nov(0) or Dec(0) were also larger than those with peaks occuring in Jan(1). This indicates that the mature phase appears earlier on and that the intensity of ENSO is stronger in FIO-ESM v1.0. Figure 7 shows the heat budget of the winter (blue bar) and Aborted (red bar) El Niño events composites for the development phase of winter El Niño events (Apr(0) to Jul(0)) and the decay phase of Aborted El Niño events (Sep(0) to Dec (0)). Note that the period running from Sep (0) to Dec(0) is the development phase for the winter El Niño events. The rate of SSTA increase reached almost 0.60 °C/ months from Apr(0) to Jul(0) during the Aborted El Niño events (Fig. 7a, red bar) , reaching nearly twice the value for the winter El Niño events (Fig. 7a, blue bar) . This high rate of increase is mainly attributable due to zonal advective feedback ( u ′T x ), climatological meridional current transport ( vT The mechanisms of phase-locking behavior reflected in both observation and model are complex, which are related to weather noise (Chang et al. 1996; Jin 1996; Blanke et al. 1997) , linear interactions (Jin 1996) and nonlinear interactions (Neelin et al. 2000) between El Niño inherent cyclic and seasonal cycles. The above analysis of heat budgets (Fig. 7) indicates that Aborted El Niño events are associated with two biases in FIO-ESM v1.0. The first relates to a warm SST bias over tropical Pacific SST (Fig. 2) similar to other CMIP5 models, which is referred to as the double ITCZ (InterTropical Convergence Zone) problem. Similar to other CMIP5 models, FIO-ESM v1.0 also surfers from the double ITCZ problem. An excessively strong and too zonal Southern Convergence Zone can enhance the climatological meridional current transport and can tend to trigger an Aborted El Niño event (Guilyardi et al. 2003; Zheng and Yu 2007) . The second relates to the weaker seasonal cycle of eastern equatorial Pacific SST (Taschetto et al. 2014) . As shown in Fig. 8 , the simulated amplitude of the seasonal SST cycle over the eastern equatorial Pacific is smaller than that observed and there are the cold/warm SST bias in the first/second half of the year. The cold SST bias related to the simulated weaker annual cycle tends to trigger a stronger SSTA in the onset phase. Therefore, the SSTA (Fig. 9a) , anomalous mixed-layer depth (Fig. 9c) , anomalous zonal wind stress (Fig. 9e) , anomalous zonal ocean current (Fig. 9g) , and anomalous vertical velocity (Fig. 9i) of Aborted El Niño events are greater than those (Figs. 9b, d, f, h, j) of winter El Niño events in the onset phase, leading to stronger zonal advective, thermocline and Ekman feedbacks during an the Aborted El Niño event. 
Summary and discussion
In this work, FIO-ESM v1.0 El Niño simulations based on its CMIP5 historical experiment outputs were evaluated. One feature of the FIO-ESM v1.0 is the incorporation of the wave-induced mixing into the ocean circulation model. Wave-induced mixing generates warmer SST in the central equatorial Pacific. Mechanisms of SST response to wave-induced mixing are complex, introducing direct and indirect effects of wave-induced mixing into the ocean model, and air-sea interaction processes into the climate system. Wave-induced mixing has a direct cooling effect on SST and deepens mixed layer in general. Especially in the eastern parts of Pacific and Indian Oceans, the cooling effect of the wave-induced mixing is much stronger due to larger waveinduced mixing and a shallower mixed layer than those in western and central parts. On the other hand, wave-induced mixing deepens the ocean upper mixed layer, leading to a weakening of zonal surface ocean currents due to larger inertia of upper ocean (Song et al. 2012b ) and introducing a less pronounced cooling effect of subsurface entrained waters into the mixed layer (Gao and Zhang 2017) , which results in warmer SST tendency in the tropical ocean. Therefore, with the effect of two aspects, SST tends to be warmer in the central Pacific, while colder in the eastern Pacific and Indian Oceans. In turn, pattern of scolder-warmer-colder SST from the eastern Indian Ocean to the eastern Pacific, is amplified due to Bjernkes feedback in the climate system. As a result, unlike what is shown by other CMIP5 models, there is a warm bias in the central-eastern equatorial Pacific in the FIO-ESM v1.0, whereas other models tend to present a cold bias.
As a consequence, although FIO-ESM v1.0 can capture the basic features of El Niño events, it suffers from several simulation problems related to mean states, including eastward shifts in the central locations of El Niño events, narrow spectral ranges with peak occurring over roughly 3 years, excessively strong El Niño events, spurious eastward propagation, and Aborted El Niño events. El Niño composites and mixed-layer heat budgets were used to understand the causes of these simulation biases. A brief summary of our bias analyses is given below: (0) to Mar (0)) and in the first 3 months of the development phase (Apr(0) to Jun(0)); the time lag between thermocline feedback and zonal advective feedback is 6 months in FIO-ESM v1.0, which is longer than that derived from observations. Therefore, the simulated El Niño events tended to exhibit eastward propagation driven by the thermocline feedback, and the eastward shifting of the central locations of El Niño events also contributed to the eastward propagation. 5. Aborted El Niño events: The analysis shows that two simulated biases mainly contributed to the Aborted El Niño events in FIO-ESM v1.0. One relates to the double ITCZ problem (a warm SST bias over the southeastern Pacific), An excessively strong and zonal Southern Convergence Zone can enhance the climatological meridional current transport and can trigger an Aborted El Niño event. Another factor relates to the weaker seasonal cycle of eastern equatorial Pacific SST. The cold SST bias related to the simulated weaker annual cycle tends to trigger a stronger SSTA in the onset phase. The contributions of the two simulated biases to Aborted El Niño events will be examined in further studies.
La Niña events, cold events of ENSO, exhibited similar simulation problems to El Niño events in FIO-ESM v1.0. For example, the SSTAs of most of the simulated La Niña events (nine out of 12) were greater than 2 °C with the largest exceeding 3 °C (Fig. 1d, blue bar) , while all the SSTAs of observed La Niña events were less than 1.5 °C (Fig. 1c , blue bar). Four out of 12 La Niña events with their phases locked to spring or summer in the FIO-ESM v.1.0. As these simulated biases of the La Niña events can be attributed to the same mechanisms of the El Niño events through the mixed-layer heat budget (Fig. 10) , so we do not discuss them here in detail.
In addition to the simulated ENSO biases, El Niño and La Niña symmetry is also a problem in FIO-ESM v1.0. The amplitude of the observed El Niño events is much larger than that of the observed La Niña events (Fig. 1c) , showing that the El Niño and La Niña events are asymmetric in the observations. However, El Niño and La Niña events simulated by FIO-ESM v1.0 are symmetric (Fig. 1d) . The mixed-layer heat budget results showed the damping effect of heat flux on La Niña events (Fig. 10e, black line) to be only half of that on El Niño events (Fig. 6e, black line) . A further decomposition of heat budget analysis demonstrated that the SST-cloud-shortwave radiation feedback mainly contributed to the damping effect differences between El Niño events ( Fig. 6e , blue line) and La Niña events (Fig. 10e , blue line). Despite the difference in SST-cloud-shortwave radiation feedback, the features of the other feedbacks for La Niña events (Fig. 10) are generally similar to those for El Niño events (Fig. 6) .
In addition to the simulated ENSO symmetry related to the SST-cloud-shortwave radiation feedback, the above analyses indicate that the simulated El Niño biases are associated with mean state biases, such as a warm SST bias in the central-eastern Pacific and a cold SST bias in the western Pacific, seasonal cycles of SST in the equatorial eastern Pacific, and the weaker trade winds. This suggests that the improvement of ENSO simulations may be still focused on the mean states in the tropical region.
